In humans and mice, megakaryocytes/platelets and endothelial cells constitutively synthesize P-selectin and mobilize it to the plasma membrane to mediate leukocyte rolling during inflammation. TNF-␣, interleukin 1␤, and LPS markedly increase P-selectin mRNA in mice but decrease P-selectin mRNA in humans. Transgenic mice bearing the entire human SELP gene recapitulate basal and inducible expression of human P-selectin and reveal human-specific differences in P-selectin function. Differences in the human SELP and murine Selp promoters account for divergent expression in vitro, but their significance in vivo is not known. Here we generated knockin mice that replace the 1.4-kb proximal Selp promoter with the corresponding SELP sequence (Selp KI ). Selp KI/KI mice constitutively expressed more P-selectin on platelets and more P-selectin mRNA in tissues but only slightly increased P-selectin mRNA after injection of TNF-␣ or LPS. Consistent with higher basal expression, leukocytes rolled more slowly on P-selectin in trauma-stimulated venules of Selp KI/KI mice. However, TNF-␣ did not further reduce P-selectin-dependent rolling velocities. Blunted up-regulation of P-selectin mRNA during contact hypersensitivity reduced P-selectin-dependent inflammation in Selp KI/؊ mice. Higher basal P-selectin in Selp KI/KI mice compensated for this defect. Therefore, divergent sequences in a short promoter mediate most of the functionally significant differences in expression of human and murine P-selectin in vivo.
Neutrophils roll on P-and E-selectin expressed on venular endothelial cells in the first step of the inflammatory response (1) (2) (3) . Endothelial cells in skin and bone marrow constitutively express E-selectin in humans and mice (4 -6) . In other tissues, TNF-␣, IL-1␤, or LPS translocates NF-B, activating transcription factor 2 (ATF-2), and other transcription factors to the nucleus (7) . These proteins activate the human SELE and murine Sele genes by binding to conserved promoter elements.
In humans and mice, megakaryocytes/platelets and endothelial cells constitutively express P-selectin, which is stored in secretory granules (1) (2) (3) . Resident peritoneal macrophages also express P-selectin (8) . Thrombin or histamine rapidly mobilizes the basal stores of P-selectin to the plasma membrane (1) (2) (3) . TNF-␣, IL-1␤, or LPS further up-regulates mRNA for P-selectin in mice (9, 10) and other mammals (11) (12) (13) but not in humans and other primates. TNF-␣ decreases mRNA for P-selectin in cultured human endothelial cells (14 -16) . Baboons infused with Escherichia coli shed LPS and express TNF-␣, which increase mRNA for E-selectin but decrease mRNA for P-selectin in many organs (16) . Transgenic mice bearing the entire human SELP gene constitutively express human P-selectin in megakaryocytes/platelets, endothelial cells, and resident peritoneal macrophages (17) . TNF-␣ or LPS infused into transgenic mice that retain the endogenous Selp gene markedly increases mRNA for murine P-selectin but decreases mRNA for human P-selectin in many organs (17) . Therefore, the basal and inducible expression of the SELP transgene recapitulates that of the native gene in humans.
In vitro studies suggest that distinct elements in the proximal 1.4-kb promoters of the SELP and Selp genes account, at least in part, for divergent basal and inducible expression of P-selectin in humans and mice. The Selp gene has canonical binding sites for NF-B (p50/p52 heterodimers) and ATF-2 like those in the SELE and Sele genes (18) . TNF-␣ increases the expression of a reporter gene driven by the Selp promoter in transfected endothelial cells (19) . Mutation of the NF-B and ATF-2 sites abrogates TNF-␣-inducible expression (18) . The SELP promoter lacks these sites, and TNF-␣ does not augment the expression of the reporter gene driven by the SELP promoter (19) . Instead, the SELP promoter has a non-canonical binding site for NF-B (p50 or p52 homodimers) (20, 21) . Mutation of this site reduces constitutive expression of the reporter gene (21) . It is not known whether these distinct elements account for the divergent expression of human and murine P-selectin in vivo. In this study, we generated knockin mice that replace the 1.4-kb proximal promoter of Selp with the corresponding sequence from SELP. We compared the basal and inducible expression of murine P-selectin in knockin and WT mice.
Experimental Procedures
Mice-A targeting vector was constructed containing a portion of the murine Selp allele (19, 22) in which the 1.4-kb sequence immediately before the translation start site was replaced with the corresponding 1.4-kb sequence from the human SELP allele (19) . A loxP-flanked hygromycin cassette (a gift from Dr. David S. Milstone, Harvard Medical School, Boston, MA) was inserted into intron 1 for selection of transfected embryonic stem cells with hygromycin B. A thymidine kinase (tk) cassette was placed just outside the 3Ј-flanking homologous sequence to further select targeted clones with ganciclovir. The fidelity of the targeting construct was confirmed by DNA sequencing. The linearized targeting vector was electroporated into CJ7 murine embryonic stem cells (23) . After drug selection, the loxP-flanked hygromycin cassette was removed by transient in vitro expression of Cre recombinase. Targeted clones were confirmed by Southern blot (17) . After confirming a normal karyotype, embryonic stem cells from one of the targeted clones were injected into C57BL/6J blastocysts, and the blastocysts were implanted into pseudopregnant mice. Chimeric offspring were bred with C57BL/6J mice for germline transmission. Progeny homozygous for the knockin allele (Selp KI/KI ) were backcrossed over 10 generations into the C57BL/6J background. Some mice were bred with Selp Ϫ/Ϫ mice (22) (C57BL/6J background, The Jackson Laboratory) to generate heterozygous Selp KI/Ϫ mice. C57BL/6J mice were used as WT controls. All mice were housed in a specific pathogen-free facility. All animal protocols were approved by the Institutional Animal Care and Use Committee of the Oklahoma Medical Research Foundation.
Peripheral Blood Counts-Peripheral blood counts were measured with a Hemavet 950 veterinary hematology analyzer (Drew Scientific, Inc.).
Flow Cytometry-Whole blood collected by retro-orbital bleeding from anesthetized mice was transferred directly into a tube coated with EDTA (Microvette 200 potassium EDTA). To study platelets, 2 l of blood was diluted 1:100 in Hanks' balanced salt solution (HBSS) 3 containing 5 mM EDTA (HBSS/ EDTA). In some experiments, diluted blood was incubated with 1 unit/ml human thrombin (EMD Millipore) for 15 min at 37°C to activate platelets. Resident peritoneal cells were collected by flushing the peritoneal cavity with 6 ml of HBSS/EDTA. All antibody incubations were performed on ice. Cells were preincubated with 5 g/ml murine Fc Block (anti-murine CD16/ CD32, BD Biosciences) for 15 min. Cells were then incubated for 30 min with 10 g/ml of FITC-labeled RB40.34 (rat IgG1, anti-murine P-selectin, BD Biosciences), phycoerythrin-labeled MWReg30 (rat IgG1, anti-murine CD41, BioLegend), phycoerythrin-labeled BM8 (rat IgG2a, anti-murine F4/80, macrophage marker, BioLegend), FITC-labeled 1A8 (rat IgG2a, anti-murine Ly6G, BioLegend), or labeled isotype control mAbs. The cells were then washed, resuspended in HBSS containing 0.1% human serum albumin and 5 mM EDTA, and analyzed on a FACScan instrument using CellQuest software (BD Biosciences). Platelet, macrophage, and neutrophil subpopulations were distinguished by expression of CD41, F4/80, and Ly6G, respectively.
Quantitative RT-PCR (qRT-PCR)-Total
RNA from murine lung, heart, liver, and ear was isolated using a RNeasy fibrous tissue mini kit (Qiagen) according to the instructions of the manufacturer. RNA integrity was verified by ethidium bromide staining after electrophoresis and quantified by optical density at 260 nm. 1 g of RNA in a 20-l reaction volume was reversetranscribed using SsoAdvanced TM Universal SYBR Green Supermix (Bio-Rad) as specified by the manufacturer. The RT reaction volume was diluted to 100 l with double-distilled H 2 O, 2 l of which was used as template for qRT-PCR in a 96-well plate with 0.2 M of each primer and SYBR Green PCR Master Mix (Life Technologies). qRT-PCR was performed on a CFX96
TM real-time system (Bio-Rad), and amplification was performed according to the protocol of the manufacturer. Relative gene expression was analyzed with CFX Manager TM software (Bio-Rad) using gapdh as an internal control. qRT-PCR assays were conducted in triplicate for each sample. The sequences of gapdh primers were 5Ј-GAAGGTGAAGGT-CGGAGTC-3Ј (sense) and 5Ј-GAAGATGGTGATGGGA-TTTC-3Ј (antisense). The sequences of murine Selp primers were 5Ј-GGTATCCGAAAGATCAACAATAAGTGG-3Ј (sense) and 5Ј-TTACTCTTGATGTAGATCTCCACACA-3Ј (antisense).
Immunofluorescence-Murine tissues were fixed in 4% paraformaldehyde overnight at 4°C, transferred into 20% sucrose overnight at 4°C, embedded in Tissue-Tek O.C.T. compound (Triangle Biomedical Sciences, Inc.), and processed into 5-m sections. After fixation and permeabilization in acetone at Ϫ20°C for 2 min, cryosections were rinsed with PBS containing 0.01% saponin, incubated with serum-free protein block (Dako) at room temperature for 60 min, and then incubated with goat anti-murine P-selectin polyclonal antibody with 0.01% saponin overnight at 4°C. The tissue sections were stained with Alexa Fluor 555-conjugated donkey anti-goat IgG antibody with 0.01% saponin at room temperature for 1 h. After washing, mounting medium was added to the slides. The images in the slides were visualized on a Zeiss Axiovert 200 M (Carl Zeiss, LLC) microscope at ϫ63 magnification and captured by a Carl Zeiss AxioCam MRm Rev. 3.0 camera using the acquisition software Carl Zeiss AxioVision V. 4.8.
Intravital Microscopy-Intravital video microscopy of anesthetized mice was performed as described previously (17, (23) (24) (25) . The cremaster muscle was isolated and superfused with thermo-controlled (37°C) HBSS. Microscopy was performed immediately after isolation or 2 h after intrascrotal injection of murine TNF-␣ (R&D Systems, 0.5 g/mouse in 0.3 ml of sterile saline). A blocking anti-murine E-selectin mAb, 9A9 (26) (30 g in 100 l of saline), was injected intravenously 3-5 min before TNF-␣ injection. Microvessel diameters, lengths, and centerline velocities were comparable in mice from all genotypes. Leukocyte rolling velocities were measured as described previously (17, (23) (24) (25) .
Thioglycollate-induced Peritonitis-Mice were injected intraperitoneally with 1.5 ml of 0.9% saline or 4% thioglycollate. Some mice received 30 g of anti-murine P-selectin mAb 5H1 (27) intravenously immediately before administration of thioglycollate. After 4 h, mice were sacrificed, and the peritoneal cavity was lavaged with 6 ml of PBS containing 5 mM EDTA.
The recovered cells were analyzed by flow cytometry. Neutrophils were counted on the basis of scatter properties and high expression of Ly6G.
Oxazolone-induced Contact Hypersensitivity-On day 0, mice were sensitized by topical application of 100 l of 2% oxazolone (4-ethoxymethylene-2-oxazolin-5-one, Sigma-Aldrich) in acetone/olive oil (4:1) to shaved abdominal skin and of 5 l of the same mixture to each paw. On day 7, mice were challenged by painting the right ear with 1% oxazolone (10 l on each side). The left ear was painted with acetone/olive oil as a control. In some mice, mAbs (100 g in 100 l saline) to murine P-selectin (5H1) or murine E-selectin (9A9) were injected intravenously immediately before the challenge. Control mice were injected with saline. Ear thickness 24 h after challenge was measured with an electronic digital micrometer (Marathon Watch). Ear thickness was expressed as the absolute increase in micrometers and calculated as treated ear thickness Ϫ control ear thickness. For flow cytometry, ear tissue collected 24 h after challenge was chopped into small pieces and digested with a mixture containing type I and II collagenase, DNase, and RNase (Roche). After a 3-h digestion at room temperature, the lysate was passed through a 100-m strainer and stained with antiLy6G and anti-F4/80 antibodies to identify neutrophils and monocyte/macrophages, respectively. To study gene expres- sion, treated and control ears were removed 8 h after challenge, frozen in dry ice, and homogenized in lysis buffer (Qiagen) without thawing. Total RNA was purified using the RNeasy fibrous tissue mini kit (Qiagen). qRT-PCR was performed as described above.
Statistics-Statistical analysis was performed using Student's t test for unpaired samples. Results were considered significant at p Ͻ 0.05.
Results
Human SELP and murine Selp have similar exon/intron organizations (28, 29) (Fig. 1) . A SELP transgene encompassing all exons and introns plus 70 kb of 5Ј flanking sequence and 29 kb of 3Ј flanking sequence drives the basal and inducible expression of human P-selectin in mice as the native gene does in humans (17) (Fig. 1) . In vitro, distinct elements in the proximal 1.4-kb promoters of SELP and Selp mediate species-specific differences in the basal and inducible expression of reporter genes (18 -21) (Fig. 1) . To determine whether divergence of these short promoters is sufficient to confer species-specific expression in vivo, we made knockin mice that replace the 1.4-kb promoter sequence of Selp with the corresponding sequence from SELP (Fig. 2, A-C) . Southern blots of genomic DNA confirmed the correct integration of the targeted allele (Fig. 2D) . Some mice homozygous for the knock in allele (Selp KI/KI ) were bred with Selp Ϫ/Ϫ mice to generate heterozygous Selp KI/Ϫ mice. Both homozygous and heterozygous knockin mice were healthy with normal blood counts. 4 Anti-murine P-selectin mAb bound to thrombin-activated but not resting Selp KI/KI platelets, consistent with redistribution of P-selectin from ␣-granules to the plasma membrane (2, 3) (Fig. 3A) . Activated Selp KI/KI platelets expressed ϳ1.5-fold more P-selectin than activated WT or Selp KI/Ϫ platelets. This is consistent with ϳ1.5-fold higher levels of human P-selectin on activated platelets from homozygous SELP transgenic mice than of murine P-selectin on activated platelets from WT mice (17) . Selp KI/KI peritoneal macrophages also expressed more P-selectin (Fig. 3B) . Immunofluorescence revealed staining for P-selectin in venular endothelial cells of the lung (Fig. 3C) and KI/KI , or Selp KI/Ϫ mice. P-selectin mRNA was quantified by real-time PCR. Expression was normalized to mRNA for GAPDH. -Fold changes were normalized to mRNA of WT tissues (n ϭ 10 -15 mice/group). E, quantification of P-selectin mRNA 3 h after intravenous injection of control albumin, TNF-␣, or LPS in WT mice normalized to control-treated mice (n ϭ 10 -15 mice/group). F, quantification of P-selectin mRNA 3 h after intravenous injection of control albumin, TNF-␣, or LPS in Selp KI/KI mice normalized to control-treated mice (n ϭ 10 -15 mice/group). Error bars are mean Ϯ S.E. *, p Ͻ 0.05.
other organs. 4 Basal P-selectin mRNA levels in the heart, lung, and liver were 2-to 6-fold higher in Selp KI/KI mice, with intermediate elevations in Selp KI/Ϫ mice (Fig. 3D) . Therefore, Selp KI/KI mice express higher basal levels of P-selectin than WT mice. As noted previously (17) , WT mice injected intravenously with TNF-␣ or LPS up-regulated P-selectin mRNA by 10-to 100-fold (Fig. 3E) . Selp KI/KI mice only up-regulated P-selectin mRNA 2-to 7-fold (Fig. 3F) , although the absolute level was greater because of higher basal mRNA expression. TNF-␣ or LPS decreases P-selectin mRNA in SELP transgenic mice (17) . Therefore, substituting the SELP 1.4-kb promoter sequence eliminates most, but not all, of the responsiveness of Selp to TNF-␣ or LPS.
Trauma during surgical exposure of the cremaster muscle mobilizes P-selectin to the venular surface (17) . Neutrophils rolled more slowly in trauma-stimulated venules of Selp KI/KI mice, consistent with higher basal expression of P-selectin, whereas neutrophils rolled with similar velocities in venules of Selp KI/Ϫ and WT mice (Fig. 4A) . Intrascrotal injection of TNF-␣ increases synthesis of P-and E-selectin in WT mice (17, 30) . We injected blocking anti-E-selectin mAb intravenously to isolate P-selectin-dependent rolling. Compared with velocities in trauma-stimulated venules, TNF-␣ reduced rolling velocities in WT mice, consistent with up-regulated synthesis of P-selectin. TNF-␣ did not alter velocities in Selp KI/Ϫ mice (Fig. 4A) . Injecting blocking anti-P-selectin mAb eliminated rolling. 4 These results support increased basal expression but dampened inducible expression of P-selectin in knockin mice.
Similar numbers of neutrophils migrated into the peritoneum of WT, Selp KI/Ϫ , and SelpSelp KI/KI mice 4 h after challenge with thioglycollate (Fig. 4B ). Anti-P-selectin mAb reduced migration equivalently. Therefore, differences in basal or inducible expression of P-selectin did not alter neutrophil migration in this model, which may rely more on local macrophage release of chemokines like CXCL1 than of cytokines like TNF-␣ (31).
Both P-and E-selectin contribute to oxazolone-induced contact hypersensitivity in the ears of WT mice (17, (32) (33) (34) (35) (36) . As observed previously (17) , ear swelling in WT mice was reduced by injecting anti-P-selectin and anti-E-selectin mAbs but not by anti-E-selectin mAb alone (Fig. 5A) (Fig. 5, B and C) . These data suggest that higher basal expression of P-selectin in Selp KI/KI mice compensates for its blunted inducible expression. In the ears of WT mice, mRNA for P-and E-selectin peaks 8 h after oxazolone challenge (17) . At this time point, we confirmed higher basal expression of P-selectin mRNA in the vehicle-challenged ears of Selp KI/KI mice (Fig. 5D ). Oxazolone-challenged ears up-regulated P-selectin mRNA only in WT mice (Fig. 5D ), whereas they up-regulated E-selectin mRNA in all mice (Fig. 5E) . In SELP transgenic KI/Ϫ mice were injected intraperitoneally with thioglycollate. Some mice were injected intravenously with blocking anti-P-selectin mAb (anti-Psel) at the time of thioglycollate challenge. After 4 h, peritoneal cells were lavaged, and neutrophils were quantified by flow cytometry (n ϭ 7-10 mice/ group). *, p Ͻ 0.05. mice were sensitized with 2% oxazolone on the abdomen and paws. After 7 days, the mice were challenged with 1% oxazolone on the right ear and with vehicle only on the left ear. Immediately before the challenge, some mice were injected intravenously with anti-E-selectin mAb (anti-E-sel), anti-P-selectin mAb (anti-P-sel), or both anti-E-selectin and anti-P-selectin mAbs. Control mice received no treatment or were injected with saline, which yielded identical results. The net increase in ear thickness was measured 24 h after challenge (n ϭ 6 -25 mice/group). B and C, after measuring ear thickness, oxazolone-challenged ears of anti-Eselectin treated groups were digested for 3 h. The numbers of Ly6G ϩ or F4/80 ϩ cells were quantified by flow cytometry (n ϭ 4 -8 mice/group). D and E, ears of WT, Selp KI/KI , or Selp KI/Ϫ mice were homogenized 8 h after challenge with vehicle (V) or oxazolone (Ox). P-or E-selectin mRNA was quantified and normalized to vehicle-treated ears of WT mice (n ϭ 4 -10 mice/group). Error bars are mean Ϯ S.E. *, p Ͻ 0.05. mice, P-selectin contributes much less to contact hypersensitivity, in part because of lower basal expression in dermal venules (17) , as also observed in human skin (37) . Therefore, substituting the SELP 1.4-kb promoter sequence confers human-like basal expression of P-selectin in most tissues but less so in skin.
Discussion
Remarkably, our results demonstrate that sequence variations limited to the 1.4-kb proximal promoter account for most of the differences in expression of the murine Selp and human SELP genes. Our data are derived from mice expressing a chimeric Selp that retains its entire genetic and epigenetic architecture except for the substituted proximal promoter from SELP. This approach permits comparative analysis of promoter function in vivo in a physiologically relevant environment. Previous studies of species-specific differences in gene expression used short promoter/enhancer sequences that drive reporter genes in transfected cells or in transgenic mice (38 -44) . Whether the identified regulatory elements function in the context of the native genes was not determined.
Our data for murine Selp and human SELP likely extend to the corresponding genes in other mammals. Genomic databases indicate that the canonical binding sites for NF-B and ATF-2 in the murine Selp promoter are conserved in Selp promoters of other mammals but not in SELP promoters of primates. The loss of these sites in primate promoters (19) probably explains the blunted up-regulation of P-selectin mRNA by TNF-␣ and other mediators. Cis elements outside of the 1.4-kb region may enable these mediators to further down-regulate mRNA in primates and may influence basal expression of P-selectin in skin and other tissues. Our results provide mechanistic insights into the differences in Selp/SELP expression that must be considered when extrapolating data from animal models to humans. Why regulatory sequences have diverged in primate SELP genes is an interesting issue for further study.
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